Introduction
Properly conducted and controlled whole-body exposures to airborne chemicals constitute the gold standard to assess the chemosensory impact of environmental pollutants. Nevertheless, work with such large-scale environmental chambers cannot proceed at the pace required for studies focused not just on one or a few compounds but looking at the broader and more fundamental issue of the physicochemical basis for human chemosensory detection of airborne chemicals 1, 2 . Dilution techniques relying on static or dynamic principles (see 3 ) and that restrict the delivery of the chemical stimulus to one or more face mucosae (i.e., nasal, ocular, oral) are typically more suitable tools for the basic knowledge sought in the fundamental-research approach. Another aspect of human chemosensory responses to chemicals, and certainly not a minor one, deals with the separation between a purely olfactory sensory response (i.e., odor) and one that also includes a trigeminal or chemesthetic (see 4, 5 ) nasal component (i.e., nasal pungency or irritation).
The chemicals selected for testing in this investigation include butyl acetate and toluene. The first one is a linear, aliphatic hydrocarbon, with an oxygen-containing chemical functionality (ester). The second one is a cyclic, aromatic hydrocarbon with no oxygen-containing chemical groups. Their selection followed the general idea of testing two compounds with substantial structural and physicochemical differences to mark a contrast with a previous study using identical methodology but employing the relatively similar compounds 1-butanol and 2-heptanone 6 .
Butyl acetate can be considered a typical non reactive volatile organic compound (VOC), relevant to a number of occupational settings, and whose chemosensory and perceptual properties have been studied in the context of relatively long (20 min up to 4 hours), whole-body exposures 7, 8 . The concentrations tested in these chamber studies ranged from about 3 to up to 300 ppm. Toluene is another common solvent widely present in both domestic and industrial settings, particularly in the printing industry 9 . It has also been the target of a variety of investigations focusing on long exposures (up to 7 hours for up to 3 consecutive days) in environmental chambers 8, [10] [11] [12] [13] . The concentration of toluene used in these studies was as high as 100 ppm, and, in some experiments, it reached a peak of 300 ppm every 30 min.
An important aspect of our experimental approach to the study of the chemosenses aims at understanding the physicochemical determinants of olfactory and trigeminal potency for nonreactive VOCs. Our investigations entail very short exposures (1-2 sec), a simple but effective static delivery system: the squeeze bottles 14, 15 , and the consistent use of a standardized procedure (e.g., 16 ). As described below, the method consists of a two-alternative, forced-choice procedure with presentation of increasing concentration steps until achieving a fixed criterion for threshold: five correct choices in a row (e.g., 17 ). In the present study we have applied this very same methodology but, rather than fixing a criterion for threshold, we decided to build complete psychometric functions (also called detectability or stimulus-response functions) covering the overall range from chance detection to virtually perfect detection. Build-up of these functions entails a considerable amount of testing and subject-time but they provide comprehensive information on the characteristics of both the stimulus and the chemosensory system 6, 18, 19 .
Experimental
Subjects. Four normosmics (one male, three females) provided measures of odor and eye irritation detectability. The male was 56 years old, and the females were 25, 29, and 39 years old. All were nonsmokers. Stimuli were stored and delivered from cylindrical, squeezable, high-density polyethylene bottles (270-ml capacity) containing 25 ml of solution. For nasal testing, the bottles had a cap with a pop-up spout that fitted inside a nostril, allowing to test each nostril separately 17 . For ocular testing, the bottles had a cap of the sort used in variable volume dispensers leading to a 25-ml, roughly conical reservoir, the rim of which was placed around the eye, allowing to test each eye separately upon squeezing of the bottle 21 .
Vapor concentrations in the headspace of every bottle were measured off-line by gas chromatography (flame ionization detector, FID) via direct sampling through a gastight syringe or a gas-sampling valve (1ml sampling loop). Measurements were done right after preparation of the stimuli, concomitantly with testing, and after all subjects were tested, to confirm stability. Figure 1 shows the average vapor-phase concentration (±SD) that corresponds to each liquid dilution step of butyl acetate and toluene. The readings from all bottles were referred to those of the bottles containing undiluted stimulus, which were assumed to contain saturated vapor at room temperature (23°C).
The coefficient of variation across dilution steps for the gas chromatographic measurements performed over time averaged (±SD) 6.9 % (±2.3) for butyl acetate and 5.0 % (±3.0) for toluene.
Insert Figure 1 about here Procedure. To obtain stimulus-response (psychometric) functions for odor, nasal pungency, and eye irritation from the single chemicals we employed a two-alternative, forced choice procedure with presentation of ascending concentrations. Briefly, the method requires the subject to chose, on each trial, the stronger of two stimuli.
Unknown to the participant, one stimulus is always a blank (mineral oil) and the other a dilution step of the chemical (starting with a step clearly below detection). Over the course of a session, and in ascending order of concentration, each step is presented paired with a blank a total of eight times (half with each nostril/eye). Testing for each nostril/eye ends when the subject chooses the chemical over the blank eight times in a row, four for each of two consecutive dilution steps. This performance was considered 100 % detection. The ascending concentration order and an interstimulus interval of at least 45 sec to 1 min helped to minimize any potential changes in olfactory and/or trigeminal sensitivity 22 .
Each subject participated in four sessions as the one described above. In each session, the subject provided two complete psychometric functions, one nasal and one ocular, for one chemical. The chemicals and sites (nose, eye) were tested in irregular order. The data from the two sessions per chemical were averaged within individuals and across individuals from the same group, i.e., normosmic or anosmic.
Data Analysis. Plots of detection probability as a function of stimulus concentration (in ppm by volume) summarize the outcome. Detection probability is corrected for chance 23 and ranges from 0.0, that is, chance detection, to 1.0, that is, perfect detection. These plots typically produce ogival psychometric functions that become linear when detection probabilities (p) are transformed into z-scores 24 . A normal distribution table is used to convert p values into z-scores.
Results
Psychometric functions of eye irritation for butyl acetate and toluene measured in normosmics fell into register with those measured in anosmics ( Figure 2 ). In fact, for both chemicals, the average eye irritation function measured across all subjects The measurement of sensory thresholds in the chemical senses, particularly for olfaction (e.g., 18, 19 ), has been characterized by a large variability. Issues of psychophysical methodology and stimulus delivery system (see 1, 3, 25 ), apart from true individual differences among subjects, certainly play an important role in the variability observed.
Our typical approach to measure odor, nasal pungency, and eye irritation thresholds across a wide variety of volatile organic compounds (VOCs) comprised the following standard features: 1) Use of a fairly simple stimulus delivery system, the often employed plastic "squeeze bottles" 27 , nasal pungency 28 , and eye irritation 29 .
In the present study, we explored the issue of olfactory and trigeminal sensitivity to two common VOCs but resorted to measure complete psychometric functions rather than to measure a threshold according to a fixed performance criterion. Obtaining a psychometric function, particularly for the chemical senses, entails considerable more experimental work than just measuring a threshold based on a performance criterion, but psychometric functions provide more detailed information to help characterize the sensory modality. For example, psychometric functions were the outcome of choice when we probed into the rules of chemosensory agonism between 2-heptanone and 1-butanol 6 . Figure 6 illustrates how the outcome from the two approaches compares. In this figure, results from psychometric functions include those reported here for butyl acetate and toluene, and those reported previously for 2-heptanone and 1-butanol 6 ; results from thresholds obtained under a fixed performance criterion for all four chemicals were taken from previous studies 17, 21, [28] [29] [30] [31] [32] . The technique employed to obtain all criterion thresholds (odor, nasal pungency, and eye irritation) was similar to the one employed here and also consisted of a two-alternative, forced-choice procedure with presentation of increasing concentrations. Unlike the present procedure, though, selection of the blank over the chemical automatically forced the presentation of the next higher concentration, also paired with the blank. Threshold was defined as the first concentration for which the chemical was selected over the blank five times in a row.
Insert Figure 6 about here Overall, the outcome reveals that, for both chemosensory modalities and for all four chemicals, the concentration threshold obtained with the fixed criterion method is best approached by the value of the detectability function at p = 1.00, that is, close to perfect (100 % ) detection. Nevertheless, in some cases (e.g., odor of butyl acetate and toluene, nasal pungency of the same chemicals, and eye irritation of toluene) the sensory threshold via fixed criterion is even higher than via detectability function at p = 1.00. This is most likely due to the fact that, under the fixed criterion procedure, selection of the blank by the subject, in the two-alternative forced choice, is followed by a step increase in concentration with no possibility of returning to a lower concentration.
It is interesting to point out that, averaging across chemicals, trigeminal detection (including nasal pungency and eye irritation) measured via detectability function at p = 0.50 (i.e., half-way between random and perfect detection) produces concentration values that are 0.67 (±0.32, standard deviation) log units (in ppm by volume) lower than those produced via the fixed criterion method. In turn, the same trend is seen for olfactory detection but the difference between the two methods increases to 2.28 (±1.77, standard deviation) log units.
In a recent study we have shown that, compared to the squeeze bottles, an improved stimulus-delivery system based on glass vessels can drive nasal pungency 
